Plants acquire phosphorus in the form of phosphate (Pi), the concentration of which is often limited for plant uptake. Plants have developed diverse responses to conserve and remobilize internal Pi and to enhance Pi acquisition to secure them against Pi deficiency. These responses are achieved by the coordination of an elaborate signaling network comprising local and systemic machineries. Recent advances have revealed several important components involved in this network. Pi functions as a signal to report its own availability. miR399 and sugars act as systemic signals to regulate responses occurring in roots. Hormones also play crucial roles in modulating gene expression and in altering root system architecture. Transcription factors function as a hub to perceive the signals and to elicit steady outputs. In this review, we outline the current knowledge on this subject and present hypotheses pertaining to other potential signals and to the organization and coordination of signaling.
INTRODUCTION
Among the 17 essential plant elements, phosphorus (P) is required for the constitution of cellular components, including nucleic acids, membrane, and ATP, and is a key component for the regulation of many enzymatic reactions and in signal transduction processes (84) . Acquisition of P is achieved mainly by uptake of inorganic phosphate (orthophosphate, Pi) by roots. Because of the negative charge of clay, Pi is easily leached out. Most of the Pi that remained in the soil is converted to organic compounds by microorganisms or becomes insoluble by interacting with cations (84, 107, 131) . As a result, a substantial amount of P is immobile or fixed in soils and unavailable for plants. Intensive application of chemical fertilizer containing Pi has therefore become an agricultural practice to ensure crop productivity. However, such practice has become a profound concern not only from an economic viewpoint, but also from an ecological viewpoint, taking into account its environmental impacts and the sustainability of P resources (5). For efficient use of P in agriculture, improvements can be achieved on two fronts. One is to better manage soil P; the other is to breed crops with improved ability to acquire and utilize P under suboptimal P conditions without sacrificing yields. Understanding how plants sense and respond to external fluctuations of Pi concentrations at the molecular level holds a promise to reach this goal.
In spite of large fluctuations of Pi in soils, intracellular concentrations of Pi in plants are tightly regulated to maintain homeostasis. To achieve this, plants have developed a series of coordinated responses to conserve, recycle, and remobilize internal Pi and to enhance Pi acquisition from the external environment (79, 107, 126, 137) . Although we have gained substantial insights into the biochemical and morphological changes of these responses, we have limited information on how plants sense the external Pi and transmit signals to evoke proper responses, mainly because of the involvement of Pi in diverse reactions and the complexity of dynamic responses.
Over the past decade, owing to the availability of genome sequences of several model plants and advances in new platform technologies, we have started to shed light on the complex pathways underlying Pi sensing and signaling. Many recent reviews focusing on certain aspects of this subject are available (24, 28, 30, 42, 69, 76, 96, 98, 110, 112, 116, 150, 153) . To give a more complete picture, in this review, we integrate and discuss the present knowledge of the molecular mechanisms and networks with regard to Pi sensing and signaling in plants.
Root system architecture (RSA): changes in response to Pi deficiency include a reduction in primary root growth and an increase in density and length of lateral roots and root hairs Phosphite or phosphonate (Phi) (H 2 PO 3 − or HPO 3 2− ): a phosphate analog interfering with Pi signaling signaling systems that report changes in the internal and external status and elicit appropriate responses. For this purpose, two types of action are employed. One depends on external Pi concentrations and involves local signaling; the other is determined by the Pi status of the whole plant and involved systemic or longdistance signaling. Many characteristic changes in root system architecture (RSA) are controlled by the local Pi supply independently of the internal Pi content (4, 57, 70, 124, 127) , implicating a local sensing and signaling route. On the other hand, the activity of Pi uptake is regulated systemically (9, 31, 72). The global transcriptomic analysis based on a split-root system reveals that genes involved in Pi uptake and recovery, lipid metabolism, and mental transport are generally regulated systemically, whereas genes associated with stress-or hormone-related responses are regulated locally (127) . The fact that the growth of shoots and roots is mutually dependent highlights the importance of the integration of signaling pathways. Such regulation must operate in sequence and in a specific manner, requiring delicate communication and relay of local and systemic signaling.
Root Tip as a Local Sensing Site
Arrest of primary root growth by low Pi, a determinate developmental program, is regulated locally surrounding the root tip area (70, 124) . Regardless of an adequate Pi status in shoots, physical contact of the primary root tip with a low Pi medium was necessary and sufficient to attenuate primary root growth. Studies on Arabidopsis natural variations showing atypical alteration in primary root growth under low Pi indicate that the root tip, including the meristem region and root cap, may constitute a site to sense local Pi (124).
Disruption of PDR2 (Phosphate Deficiency Response 2) encoding a P 5 -type ATPase exhibits an exaggerated short-root phenotype under Pi deficiency owing to meristem exhaustion (129, 130) . This phenotype is a local response irrespective of the whole-plant Pi status. Local application of phosphite (Phi), an analog of Pi (see below), in the root tip rescues the phenotype, suggesting that Pi likely functions as a local signal in this response. In contrast to pdr2 mutants, lpi (low phosphorus insensitive) (115), lpr (low phosphate root) (108, 124) , and psi ( phosphate starvation insensitive) (141) mutants display long primary roots under Pi deficiency. Whereas the molecular identity of LPI is unknown, LPR1 and LPR2 are paralogs encoding multicopper oxidases (124). The gene responsible for psi mutant phenotype is the same allele as LPR1/LPR2 (141) .
PDR2 interacts genetically with LPR1/LPR2, which is epistatic to PDR2 (130) . Moreover, PDR2 and LPR1/LPR2 are coincidently expressed in the root meristematic region and both reside in the endoplasmic reticulum (ER) (124, 130) . It was proposed that PDR2 may function together with LPR1/LPR2 to adjust meristem activity in an ER-resident pathway, once changes in external Pi are sensed. PDR2 may act upstream to regulate negatively the output of LPR1/LPR2. PDR2 is also required for the maintenance of a proper level of SCARECROW (SCR) by restricting further movement of SHORT ROOT (SHR) from endodermis to adjacent cell layers under Pi deficiency (130) . SCR and SHR are transcription factors and function collaboratively in regulating stem cell activity and radial cell patterning during root development through protein-protein interaction and transcriptional activation of SCR via a SHR/SCR-dependent positive feedback loop (21). This observation established an association between root patterning and fine-tuning of root meristem activity in response to Pi availability.
WHAT ARE THE SIGNALING MOLECULES?
What are the signaling molecules derived after changes of external Pi concentrations are detected? Pi, sugars, hormones, and microRNA (miRNA) Pi participates, the signaling pathways are interconnected and elicited responses are often the output of many signaling routes. In the following sections, we discuss these signals and the responses they bring forth in more detail.
Phosphate as a Signal
Increased intracellular Pi concentrations could repress Pi starvation responses (PSR). In this context, it is straightforward to rationalize Pi as a signal. However, because Pi is a nutrient, its suppression of PSR can be explained as an effect of adequate nutrition rather than signaling of Pi. Compelling evidence obtained from the results of Phi application supports the notion that Pi serves as a signal.
Phi is taken up by plants through Pi transporters; it cannot be oxidized to Pi or further metabolized once inside cells (11, 12) . Under low Pi conditions, exogenous application of Phi attenuates a wide range of PSR, including a reduction in the root-to-shoot biomass ratio, root hair elongation, anthocyanin accumulation, lipid remodeling, and expression of many Pi starvation-induced (PSI) genes (11, 12, 54, 128, 138) . The interference of gene expression by Phi is specific to PSR and is an early event occurring at the level of transcription. Given the structural similarity between Phi and Pi, the Pi signaling machinery is unable to discriminate Phi from Pi. In addition, Phi inhibits the Pi influx in a competitive manner and accumulates specifically in the cytoplasm (22, 105) . It is very likely that elevated intracellular Phi concentrations mimic sufficiency of Pi, thus interfering with Pi signal transduction pathways, even though plants are starving for Pi. Collectively, these findings demonstrate that Pi is capable of acting as an initial signal. The use of Phi shows promise as a tool to dissect the P signaling machinery in the future.
Interference of Phi with the Pi signaling pathway has also been observed in Pistarved yeast (Saccharomyces cerevisiae). The high-affinity Pi transporter Pho84 is one of the potential targets for Phi action (86) . Surprisingly, instead of reducing Pho84 transcript levels, methylphosphonate, another nonmetabolized analog of Pi, triggers degradation of Pho84 protein by promoting its internalization from the plasma membrane (106) . This finding suggests that Phi-or Pi-mediated signaling can operate at posttranslational steps.
Split-root experiments led to the conclusion that several PSR and the expression of PSI genes are regulated according to the wholeplant Pi status, which is determined by the translocation and mobilization of Pi within plants (9, 31, 72). Upregulation of PSI genes in one portion of roots grown in Pi-depleted medium is repressed, likely by a systemic suppressor that has been transported from another portion of roots grown in Pi-replete medium. Pi has been considered as a potential candidate of such a systemic suppressor because of its mobile nature. However, the observation that reduced induction of the Medicago Mt4 gene, a PSI gene, in the Pi-depleted compartment initiated prior to a rise in Pi concentration and reduction in Pi flow had no effect on the systemic suppression argues against Pi being a signal (9, 127). A recent study by the modulation of PHO1 (PHOSPHATE1) expression also supports the existence of an additional signal, independent of Pi, because the PSR could be uncoupled from the low Pi concentration in the shoot (111) . Pi-related compounds, such as ATP, were suspected instead to carry out such a role; however, this seems unlikely because nonassimilated Phi still resulted in a similar suppression (128) . Because Pi serves both as a nutrient and a signal, dissection of primary causes from subsequent secondary effects is often difficult.
MicroRNA-Mediated Signaling miR399 as a systemic signal. Studies uncovering the function of miR399, the molecular identity of PHO2 (PHOSPHATE2), and the biological function of the AT4/IPS1 family have significantly extended our understanding of Pi signaling.
miR399 is specifically and highly upregulated in Pi-depleted tissues (2, 3, 18, 34). It directs the cleavage of PHO2 mRNA encoding a ubiquitin-conjugating E2 enzyme (UBC24 Promoter-reporter analyses suggest that miR399s and PHO2 are expressed predominantly in vascular tissues (2). Consistent with these observations, miR399 was detected in the phloem sap of rapeseed and pumpkin (8, 100). Importantly, results from reciprocal grafting between wild-type and miR399-overexpressing plants led to the conclusion that PHO2 in roots can be suppressed by a shoot-to-root movement of mature miR399 (66, 100). The biological significance of such a movement, however, has been questioned because miR399 can be expressed in both shoots and roots. Detailed time-course analysis showed that induction of miR399 expression by Pi deficiency occurred earlier in shoots than in roots (66) . Estimation of the phloem transport rates also supports rapid movement of miR399 (100). It was proposed that the systemic movement of miR399 is an early response to Pi deficiency (66) . Movement of miR399 serves as a systemic signal for activating Pi uptake in roots and for communicating Pi status in shoots to Pi uptake activity in roots.
Induction of miR399 under Pi starvation is positively regulated by the transcription factor PHR1 (PHOSPHATE STARVATION RE-SPONSE 1) and by the availability of photosynthates; however, its activity on the cleavage of PHO2 mRNA is suppressed by AT4/IPS1 RNAs (3, 67, 74, 97, 113, 135, 155) . Expression of miR399 is reduced in Pi-deprived phr1 mutants and a subset of genes is misregulated in both phr1 and pho2 mutants, suggesting that miR399 and PHO2 form a branch of the Pisignaling network downstream of PHR1 (3). Nevertheless, a certain amount of miR399 remains and the reduction of PHO2 in phr1 is similar to that in wild-type plants under Pi deprivation (S.-F. Chiang & T.-J. Chiou, unpublished data). These data suggest that the mechanisms underlying misregulation of genes in phr1 and pho2 mutants may be different.
Genes of the AT4/IPS1 family are highly upregulated by Pi deficiency and encode for noncoding RNAs (9, 71, 85) . Surprisingly, sequence analysis of AT4/IPS1 RNAs revealed a conserved 22-nucleotide sequence that is partially complementary to miR399 (118). Such partial complementarity is not sufficient for its cleavage by miR399; instead, AT4/IPS1 RNAs function as riboregulators, interfering with miR399 targeting of PHO2 mRNA, an action termed target mimicry (33). Interestingly, Arabidopsis miR399b and miR399c, which have a higher complementarity to AT4/IPS1 as compared with miR399f, are less effective in cleaving PHO2 mRNA (66, 67) . Homologous genes of miR399, PHO2, and At4/IPS1 have been identified in many plant species, and regulation of miR399 and PHO2 is also conserved (3, 7, 18, 66, 73, 135) . These findings highlight the evolutional importance of such regulations in response to Pi deficiency.
Other phosphate-responsive miRNAs. In addition to miR399, deep sequencing and microarray analyses of small RNA expression profiles identified additional Pi-responsive miRNAs from several plant species (46, 78, 101, 136, 157 Pi-deficient conditions. Similar to miR399, some of them (e.g., miR156, miR169, miR395 and miR398) are evolutionally conserved, whereas others are species specific. The fact that several miRNAs are differentially regulated under different nutrient deficiencies suggests the existence of a coordinated crosstalk mediated by these miRNAs (46, 101). For example, expression of miR395 and miR398 is induced by sulfur and copper deficiencies, respectively, but is repressed under Pi deficiency. By contrast, either nitrogen or P deficiency downregulates miR169 expression. Arabidopsis miR827 is induced by Pi starvation. It targets NLA (Nitrogen Limitation Adaptation) encoding a protein consisting of SPX and RING domains, which is involved in the response to nitrogen deficiency (102) . Like Arabidopsis, rice miR827 is also upregulated by Pi deficiency but targets two distinct proteins containing SPX and MFS (Major Facilitator Superfamily) (68) . Surprisingly, these two target genes show opposed expression to Pi starvation, suggesting the involvement of complex regulation of miR827 and its target genes in rice (68) . Furthermore, an autoregulatory mechanism of PAP1/MYB75 via miR828 and TAS4-siR81(−), a trans-acting siRNA that regulates the biosynthesis of anthocyanin during Pi deficiency, was revealed (46). Discovery of these Pi-responsive miRNAs opens a new avenue for future research relating to Pi signaling.
Hormone-Mediated Signaling
Many hormones have been implicated in Pi signaling. Changes in Pi availability can alter hormone production, sensitivity, and transport. Microarray analyses also revealed alteration in transcript levels of genes involved in hormone biosynthesis or responses under Pi deficiency (88, 92, 112, 147) . Analyses of hormone biosynthetic and signaling mutants along with studies of exogenous hormone application provide a general linkage between hormones and Pi signaling pathways; however, evidence for the specificity and direct association of certain hormones requires further studies.
Cytokinin. The involvement of cytokinin signaling in regulating PSR is well documented. Pi starvation represses the action of cytokinin by reducing its concentrations (56) and by decreasing the expression of CRE1, a cytokinin receptor (32). On the other hand, cytokinin negatively regulates a number of PSI genes (31, 32, 53, 85, 142). The negative regulation by cytokinin is attenuated when CRE1-and/or AHK3-encoding cytokinin receptors are mutated, thus indicating the presence of a two-component signaling circuit in cytokininmediated PSR (31, 32). A decrease in the endogenous level of cytokinin or in its action could ensure a full PSR upon Pi deficiency. A bidirectional interaction between cytokinin and Pi signaling was proposed (31).
Transcriptional profiling by microarray analysis in rice revealed global suppression of PSI genes by cytokinin (142) . Such negative regulation can be explained in part by elevated intracellular Pi concentrations in both shoots and roots, which are probably caused by the release of Pi from internal sources and a pause in growth after cytokinin application. By contrast, Pi concentrations were increased in roots but decreased in shoots upon cytokinin treatment in Arabidopsis (60) . This discrepancy has to be reexamined.
Given the mobile nature of cytokinin (114) and the broad range of PSI genes it affects, cytokinin was assumed to be involved in the systemic repression of Pi signaling (85) . However, in split-root experiments, systemic repression of several PSI genes was not affected by the mutations of CRE1 and AHK3; moreover, repression of PSI genes was confined to the local compartment of roots treated with cytokinins (31). This argues against a role for cytokinin in systemic repression of PSR.
Auxin. Auxin signaling has been suggested to associate closely with a modification of RSA caused by Pi deprivation. Treatment with exogenous auxin triggers localized alterations in RSA as seen in Pi-deprived plants (1, 37, 58). Moreover, Pi-deprived plants are more sensitive to exogenous auxin than Pi-replete plants with respect to the arrest of primary root growth and induced formation of lateral roots (37, 48, 58). Although results from different experiments using auxin transport inhibitors or auxin-responsive mutants are somewhat controversial (1, 4, 48, 58, 70, 83, 94, 117, 146) , it becomes clear that an auxin-dependent pathway involved in auxin transport or sensitivity and an auxin-independent pathway may coexist to modulate Pi starvation-induced changes of RSA (58) . Inhibition of primary root growth and stimulation of root hair growth may be independent of auxin signaling, whereas auxin is required to stimulate lateral root primordium emergence under Pi deficiency (58, 99) .
A recent report showed that enhanced auxin sensitivity due to an increased expression of the TIR1 (TRANSPORT INHIBITOR RE-SPONSE1) auxin receptor rather than an increased accumulation of free auxin is responsible for lateral root development in Pi-deprived Arabidopsis seedlings (99). The increased level of TIR1 accelerates degradation of Aux/IAA (AUXIN/INDOLE-3-ACETIC ACID) proteins, thereby liberating ARF (AUXIN RE-SPONSE FACTOR) transcription factors (e.g., ARF19) that modulate expression of genes involved in activating pericycle cell division and lateral root formation (99). Additionally, auxin and cytokinin signaling are implicated in membrane lipid remodeling during Pi starvation by regulating the expression of genes in these processes (54, 95).
Ethylene. Similar to auxin, ethylene has also been implicated in changing the RSA in response to Pi deficiency, as increased levels of ethylene have been detected under these conditions and mimicry phenotypes of Pi-starved roots were obtained after exogenous application of ethylene (6, 37, 82). Analyses of ethylene signaling mutants and application of ethylene precursors or inhibitors of ethylene biosynthesis or action resulted in various effects on root growth. During Pi starvation, ethylene is important for inhibition of primary root growth and for promotion of lateral root elongation but is not required for lateral root initiation (58, 82) . With regard to Pi starvationstimulated root hair development, studies by Ma et al. (83) and Schmidt & Schikora (117) suggested an ethylene-independent signaling pathway. However, results from other studies supported the involvement of ethylene in root hair responses to Pi deficiency (43, 154). Apart from its effects on root growth, ethylene regulates Pi recycling during petal senescence (13).
Abscisic acid. It has been speculated that abscisic acid (ABA) signaling is involved in PSR because there are some similarities in growth patterns, such as increased root-to-shoot ratio and root hair density, between plants subjected to Pi starvation and those treated with ABA (20, 132). However, a direct relation between ABA signaling and PSR has not been established. In Pi-deficient caster bean, xylem transport of ABA was stimulated but the content of ABA in tissues was not affected (49). The accumulation of anthocyanin at low Pi concentrations was reduced in the ABA-deficient aba1 mutant, whereas the phosphatase activity and the rootto-shoot ratio were not altered in abal and ABAinsensitive abi2-1 mutants under these conditions (132) . ABA could inhibit the expression of several PSI genes possibly via the control of ABI1 type 2C protein phosphatase (109, 118).
Gibberellin. The role of gibberellin (GA) in PSR has not been studied until recently. GA controls growth and developmental adaptations to low Pi via a DELLA-dependent mechanism (50). Pi starvation reduces the level of bioactive GA, leading to accumulation of DELLA proteins. Pi starvation-induced changes in RSA, such as reduced primary root and increased lateral root growth, and anthocyanin accumulation are repressed by exogenous GA or in DELLA-deficient mutants. However, the P content and the transcript levels of several PSI genes are not affected (50).
Characterization of MYB62, a PSI transcriptional factor, further revealed crosstalk between GA biosynthesis and PSR (26). Overexpression of MYB62 represses the expression of early GA biosynthetic genes and results in
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GA-deficient symptoms. This finding suggests that the previously observed reduction in GA biosynthesis under Pi deficiency is, at least partly, caused by upregulation of MYB62. In addition, overexpression of MYB62 suppresses the expression of many PSI genes and affects RSA, Pi uptake, and acid phosphatase activity (26). The regulatory role of MYB62 on these PSR may function through the modulation of GA metabolism or signaling.
Strigolactones. Pi starvation induces the production of strigolactones, a specific group of terpenoid lactones (59, 152) . Strigolactones serve as a rhizosphere signal for the stimulation of hyphal branching of arbuscular mycorrhizal fungi and as a root-derived hormone for optimization of shoot branching by inhibiting axillary bud outgrowth during Pi starvation (134) . Therefore, the strigolactone signaling pathway contributes to improved Pi acquisition and utilization.
Sugar-Mediated Signaling
Many studies have advocated the importance of sugar signaling in regulating PSR, including increased expression of PSI genes and changes in RSA (42, 48, 52, 75, 80, 81, 156). Moreover, Pi starvation can activate expression of several sugar-responsive genes (20). Limitation of Pi results in decreased photosynthesis and an increased level of sugars and starch in Pideprived leaves (19, 80, 92, 97) . The built-up sugars are translocated to roots via enhanced loading of sucrose into the phloem. As a consequence of this resource allocation, the rootto-shoot biomass ratio increases. Analyses of the transcriptome, proteome, and metabolome in response to Pi deficiency revealed a close association between increased gene expression and enzymatic activities relating to carbohydrate biosynthesis and PSR (44, 64, 80, 92, 144) . Both hexokinase-dependent and -independent signaling pathways have been suggested to be involved in interactions between sugar sensing and PSR (52, 81).
Sugars demonstrate clear temporal and spatial control of PSR. Increased sucrose concentrations in roots precede the induction of PSR (for a review see Reference 42). Inhibition of sucrose biosynthesis or translocation by reduced photosynthesis, dark treatment, or stem girdling diminishes expression of root PSI genes upon Pi deprivation (75) . In agreement with those observations, expression of root PSI genes is impaired in a pho3 mutant defective in phloem loading of sucrose (77) . Moreover, exogenous application of sugars magnifies PSR (52, 75, 80) . It was proposed that carbon assimilation and partitioning are checkpoints for the onset of Pi deficiency and that sugars, mainly sucrose, are candidates for the shoot-derived systemic signal, which contributes to the regulation of PSR in roots.
Signaling pathways mediated by sugar and different hormones are interconnected (36). Under Pi starvation, sucrose may promote auxin transport and increase the sensitivity of the root system to auxin (48, 52). Moreover, sugars and cytokinins act antagonistically to regulate the expression of PSI genes (31). It was postulated that cell cycle activity determines Pi demand and specifies the magnitude of PSI gene expression (60) . Inhibition of cell division reduced PSI gene expression, and manipulation of cell cycle activity dominated over the effects of sugar or cytokinin. How general such regulation is requires further investigation.
TRANSCRIPTIONAL REGULATION Transcription Factors
Approaches using forward and reverse genetics have identified several important transcription factors in Pi signaling pathways, including members in the families of MYB, WRKY, and bHLH. Negative regulation of several PSI genes appears to be common when Pi is sufficiently available. Activation of these genes at low Pi turns out to be a result of derepression.
Arabidopsis PHR1, a R2R3 MYB protein and a homolog of PSR1 (PHOSPHORUS STAR-VATION RESPONSE 1) in Chlamydomonas reinhardtii (148) , is the most well-characterized transcription factor implicated in PSR (113). PHR1 and PHL1 (PHR1-like1) are central integrators in transcriptional regulation of PSR because most of transcriptional activation and repression responses to Pi stravation are affected in phr1 and phr1 phl1 mutants (10). PHR1 and PHL1 bind to a DNA motif of GNATATNC, termed P1BS (10, 113). Genome-wide transcriptional analysis revealed that the P1BS element is significantly enriched in the promoter sequences of PSI genes but not in the Pi starvation repressed genes (10, 88), suggesting that the transcriptional suppression by PHR1 and PHL1 could be indirect. The orthologs were also identified in rice (OsPHR2) and in the common bean (PvPHR1) (135, 155) . PHR1 plays a crucial role in regulating genes involved in Pi transport and remobilization, anthocyanin biosynthesis, carbohydrate metabolism, and RSA, but its role is considered minor in membrane lipid remodeling (10, 35, 97, 113, 155).
Whereas phr1 mutant has less shoot Pi compared with wild type, overexpression of PHR1 in Arabidopsis or OsPHR2 in rice resulted in excessive accumulation of shoot Pi, similar to miR399-overexpressing plants or pho2 (97, 155). The high level of shoot Pi presumably results from a suppression of PHO2 via activation of miR399. However, the downstream Pi transporters responsible for the high accumulation of Pi in OsPHR2-overexpressing plants and Ospho2 appear to be different (73) .
Arabidopsis PHR1 protein can be sumoylated in vitro by SIZ1, a SUMO E3 ligase (90). Sumoylation of PHR1 is further supported by the proteomic identification of sumoylated proteins in Arabidopsis (87) . Such posttranslational modification could explain the insignificant changes of PHR1 or OsPHR2 RNA level in response to Pi starvation (97, 113, 155). The siz1 mutant exhibits exaggerated PSR, including alteration in RSA and in anthocyanin accumulation, and altered expression of PSI genes, suggesting that SIZ1 can act negatively or positively on different PSR through protein sumoylation (90). Nevertheless, the consequence of sumoylation of PHR1 remains to be determined.
Another MYB transcription factor involved in PSR is MYB62 (26). Although MYB62 is upregulated during Pi deficiency, it functions as a negative regulator suppressing several PSI genes. Its role in connecting Pi and GA signaling is discussed above.
Arabidopsis
14).
WRKY75 is upregulated under Pi deprivation. RNAi transgenic plants of WRKY75 reduced the upregulation of several PSI genes but increased the growth of lateral roots and root hairs independently of Pi status (25). These data suggest that WRKY75 positively regulates PSI genes and also controls root development.
Two basic helix-loop-helix domaincontaining transcription factors (bHLH) Arabidopsis bHLH32 and OsPTF1, which are involved in PSR, have been characterized. Both are upregulated under Pi deprivation. Arabidopsis bHLH32 plays a negative role, whereas OsPTF1 serves as a positive regulator for PSR (16, 151). OsPTF1-overexpressing rice showed an enhanced tolerance to Pi starvation, likely owing to increased total root length and surface area (151) . bHLH32 can physically interact with FBX2 protein containing WD40 and F-box motifs. Because FBX2 also negatively regulates several PSR, it was proposed that bHLH32 may not directly regulate PSR; instead, FBX2 may recruit bHLH32 and trigger degradation of other bHLH32-interacting proteins, thereby modulating PSR (15).
ZAT6 (zinc finger of Arabidopsis), a cysteine-2/histidine-2 zinc finger transcription factor, is www.annualreviews.org • Signaling Network in Sensing Pi Availability in Plantsinvolved in regulating RSA and Pi homeostasis (27). ZAT6 is upregulated at low Pi concentrations and functions as a repressor because overexpression of ZAT6 inhibited expression of many PSI genes and primary root growth. Conversely, lateral root growth was promoted notably when ZAT6-overexpressing plants grew older, resulting in increased root biomass and enhanced Pi uptake.
Chromatin Modification
ARP6 is a nuclear actin-related protein and a key component in the SWR1 (SWI/SNFrelated) chromatin remodeling complex. An arp6 mutant exhibited enhanced expression of several PSI genes and altered RSA, probably owing to the loss of histone H2A.Z deposition (122). In fact, the level of H2A.Z at several PSI genes is lower in Pi-depleted versus Pi-replete samples (122). Therefore, the SWR1 complex suppresses PSI gene expression when Pi is adequate but the repression is relieved upon Pi deficiency. However, only a subset of examined genes is regulated by this machinery. It is of interest to examine the impact of epigenetic regulation on PSR at a genome-wide scale.
POTENTIAL REGULATORS IN PHOSPHATE SIGNALING SPX Domain-Containing Proteins
The yeast PHO regulon, which mediates a coordinated cellular response and adaptation to changes of external Pi, provides a working model for Pi sensing and signaling in eukaryotes (103, 149) . Several proteins of the PHO regulon, such as Pho81, Pho87, Pho90, and Pho91, possess an SPX domain. Pho81, an inhibitor of Pho80-Pho85 cyclin-dependent kinase complex, is a central switch in signaling the intracellular Pi. Pho87, Pho90, and Pho91 proteins are a group of low-affinity Pi transporters. Although the corresponding PHO regulon does not seem to exist in plants, many plant proteins possessing the SPX domain have been suggested to be involved in Pi signaling (29, 73, 143) .
In Arabidopsis, SPX domain-containing proteins can be classified into four groups depending on the presence of additional protein domains. Expression of Arabidopsis SPX1, SPX2, SPX3, and SPX4 encoding proteins with a single SPX domain is differentially regulated under Pi starvation and occurs downstream to the PHR1 and SIZ1 signaling pathways (29). SPX3 negatively regulates SPX1. Overexpression of SPX1 or suppression of SPX3 upregulated the expression of several PSI genes (29). Suppression of OsSPX1, an AtSPX3 ortholog in rice, resulted in overaccumulation of shoot Pi, a phenotype similar to OsPHR2-overexpressing and Ospho2 rice (140) . By contrast, overexpression of OsSPX1 counteracted the function of Os-PHR2 in upregulating OsPT2 (73) . Because Os-PHR2 positively regulates OsSPX1, these data place OsSPX1 in a negative feedback loop of Pi signaling pathways mediated by OsPHR2 (140). PHO1, consisting of an N-terminal SPX domain and a C-terminal EXS domain, plays a critical role in loading Pi into the xylem of roots (41). Another two groups of SPX domaincontaining proteins possess either a RING domain or an MFS domain at the C terminus. However, with the exception of NLA mentioned above, our understanding of their function is very limited. SPX proteins may function by interacting with other proteins at the SPX domain. SPX1 and NLA proteins localize in the nucleus (29, 102), suggesting they may interact with other transcription factors to regulate gene expression. In addition, inhibition of low-affinity Pi transport activities of Pho87 and Pho90 in yeast occurs via a physical interaction of the Spl2 regulatory protein at the SPX domain of these Pi transporters (40). (17, 123) . We have recently found that mutation on CAX1 and CAX3 promotes the expression of several PSI genes in shoots and mediates a shootderived signal for activation of Pi uptake in roots. However, the increased accumulation of Pi in the cax1cax3 double mutant is independent of PHO2 signaling (T. IPK1 is the last enzyme participating in the biosynthesis of phytate (inositol hexakisphosphate, IP6) (139) . In the ipk1 mutant, the excessive accumulation of Pi is associated with a reduced level of IP6 and an increased amount of inositol tetrakisphosphate (IP4) and inositol pentakisphosphate (IP5) intermediates (123). This finding provides the first link between IP metabolism and regulation of Pi homeostasis in plants. However, the authentic signal, likely comprising components downstream of IP3 signaling, remains obscure. It is worth noting that IP6 may function as a cofactor of the TIR1 auxin receptor, as revealed from the analysis of crystal structures (125) . Whether IP6 plays any role in lateral root growth controlled by TIR1 or other PSR is a question worth pursuing.
Calcium and Inositol Polyphosphates
Inositol heptakisphosphate (IP7) plays a vital role in transmitting low-Pi signals in yeast (61, 62) . Upon Pi starvation, intracellular concentrations of IP7 increase, primarily by the activity of VIP IP6 kinase. The increased amount of IP7 stimulates Pho81-dependent inhibition of the Pho80-Pho85 complex, allowing activation of the Pho4 transcription factor, thereby turning on the expression of downstream PHO genes. The role of IP7 in plants awaits elucidation.
Reactive Oxygen Species
The concentration of reactive oxygen species (ROS) in roots increases rapidly (within a few hours) after deprivation of nitrogen, potassium, sulfur, or P (116, 120, 121, 133 ) and triggers the expression of several nutrient starvationresponsive genes. Conversely, suppression of ROS production as a result of the mutation of RHD2 coding for NADPH oxidase prevents upregulation of genes. In response to Pi deficiency, changes in ROS concentration and distribution in specific root cells occurred, although different patterns were reported (120, 133). Alterations in ROS distribution in Pistarved roots may be associated with changes of RSA.
HYPOTHETIC MODELS Phosphate Signaling Network
In Figure 1 , we propose a general scheme illustrating potential routes of Pi sensing and signaling in plants. Sensing the availability of Pi appears to be initiated at the roots where Pi concentrations in soils are monitored. Pi is acquired by Pi transporters encoded by PHT1 genes that are predominantly expressed in epidermal and/or cortical cells (89, 93, 119) . Sensing of external Pi can be achieved by two routes. External Pi is transported across plasma membranes and sensed intracellularly. Alternatively, external Pi is perceived by an unidentified sensor or receptor in plasma membranes, which decodes the external Pi condition into an internal signal. Evidence suggests that PSR are triggered by internal cues rather than external Pi conditions (51, 60). The existence of intracellular Pi sensing mechanisms is further supported by studies using in vivo 31 P-nuclear magnetic resonance. A rapid drop of cytosolic Pi concentrations following the onset of Pi starvation was detected (105) , and a large accumulation of Phi in cytoplasm was observed in Pi-depleted cells (22). Although there is no evidence for the existence of a plasma membrane Pi sensor or receptor, the identification of the CHL1/NRT1.1 nitrate transporter in Arabidopsis and the PHO84 Pi transporter in yeast as "transceptors" that sense external nitrate and Pi conditions, respectively (38, 45), points out that external sensing of Pi in plants cannot be ruled out. Following initial sensing, local and systemic signals are generated to elicit or activate downstream signaling components (Figure 1) . PDR2 and LPR1/LPR2 may function as intracellular sensors to monitor Pi availability and adjust meristematic activity at the root tips. The primary systemic signals derived from roots (e.g., Pi, strigolactone, and cytokinin) are delivered via xylem up to shoots where they are perceived by systemic sensors, triggering a series of responses. Subsequently, secondary systemic signals (e.g., Pi, sucrose, and miR399) are produced in shoots and transported down to roots via phloem. The shoot-derived systemic signals are again perceived by systemic sensors in roots. In this context, PHO2 mRNA could be recognized as a systemic root sensor. Responses in roots can be provoked by local signaling alone, as in the case of primary root growth, or by integration of local and systemic signaling. Such bidirectional signaling pathways are of crucial importance to assure truthful communication and to reach an optimal balance of supply and demand between roots and shoots.
The output of sophisticated responses is managed by a series of signaling cascades involving multidimensional crosstalk. In Figure 2 , we propose a simple model in which a mechanism regulating adaptive responses to Pi availability is outlined. The signaling pathway is initiated by the input of a primary signal (most likely Pi), which is converted into secondary signal components (e.g., hormones, sugar, and miR399) via a primary module. This is an important step to amplify a single input into diverse responses. The secondary signals are expected to be interconnected and mutually regulated to modulate the development of final responses. The first and secondary modules may operate at different levels of regulation. Additionally, communication between the two modules and secondary signal components cannot be circumvented. This allows for finetuning of the magnitude of output with parallel pathways and positive or negative feedback loops.
The Pi signaling pathways in regulating Pi acquisition are relatively well understood and are taken as an example to discuss the complex coordination of different signaling pathways in the next section.
Signaling Network Regulating Phosphate Acquisition
Several features comprising RSA, root exudates, and Pi transport and loading contribute to the overall activity of Pi acquisition in roots. They act in concert via integration and coordination of different signaling pathways, as illustrated in Figure 3 . The symbiotic interaction between roots and mycorrhizal fungi is also important for Pi acquisition but is not included for discussion here.
The RSA is controlled by several signaling pathways mediated by hormones, sugar, transcription factors, and other regulators. Some of these pathways regulate only a specific change, whereas others modulate multiple effects. For instance, PDR2 and LPR1/LPR2 exclusively regulate primary root growth (124, 130), auxin sensitivity promotes the growth of lateral root (99), and UBP14 (ubiquitin-specific protease 15) controls root hair elongation upon Pi starvation (65) . By contrast, several transcription factors, such as MYB62, WRKY75, and ZAT6, can regulate more than one morphological change.
Root exudates are usually monitored by the activity of secreted phosphatases or expression of specific genes coding for such activity (e.g.,
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Figure 2
An overview of proposed phosphate signaling cascades. In this model, multiple pathways are activated by the single input of a primary signal, leading to diverse responses. Also shown are the potential secondary signal components generated from the primary module function as a center to transmit the signal to the secondary module. Mutual regulations occur between these two modules.
ACP5 or PAP) (47, 63), which are regulated by transcription or other factors. Regulation of low Pi-induced secretion of organic acids and protons is relatively unclear. 
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Figure 3
Regulation of inorganic phosphate (Pi) acquisition by crosstalk of diverse signaling pathways. Four activities consisting of root system architecture modification, release of soil phosphorus (P), Pi uptake, and xylem loading of Pi contribute to Pi acquisition in roots.
Factors that are less defined or are involved in multiple processes are listed at the top. The colored lines indicate the mode of action at the levels of transcription and posttranscription. Black lines represent still undefined modes. Arrows denote positive effects, whereas lines ending with a short bar indicate negative effects.
www.annualreviews.org • Signaling Network in Sensing Pi Availability in Plants
Much attention has been paid to the regulation of Pi transport activity, with particular emphasis laid on plasma membrane localized Pi transporters (e.g., PHT1 family in Arabidopsis). PHT1;1 (AtPT1) and PHT1;4 (AtPT2) contribute predominantly to Pi uptake in the rhizosphere (89, 119) . The activity of these Pi transporters is regulated by multiple factors and at various steps. Transcript levels of PHT1 are positively regulated by PHR1, WRKY75, and sugars, but they are negatively regulated by cytokinin, ABA, MYB62, ZAT6, SPX3, and ARP6/H2A.Z (25, 26, 29,  53, 85, 118, 122 ). In addition, PHF1 (PHOS-PHATE TRANSPORTER TRAFFIC FA-CILITATOR1) controls proper trafficking and targeting of PHT1;1 proteins to plasma membranes (39), and PHO2, a target of miR399, may direct PHT1 protein degradation. PHT1 expression can also be regulated indirectly by At4/IPS1 and OsSPX1 in negative feedback loops by attenuating miR399 and OsPHR2 activities, respectively (33, 73) .
Xylem loading of Pi should be integrated into the process of Pi acquisition. PHO1 is indispensable for such activity (41, 104). PHO1 is transcriptionally suppressed by the direct binding of WRKY6/42 to its promoter (14). Expression of PHO1 can be activated by sugars and inhibited by cytokinin or ABA (109) .
From the signaling pathways shown in Figure 3 , it is apparent that sugar and cytokinin act in a contrary fashion to cross-regulate diverse processes of Pi acquisition. Most transcription factors contribute to different types of function and are integrated in parallel as well as interconnected pathways consisting of negative or positive regulation.
CONCLUSIONS
To respond to Pi availability in soils, plants have evolved an extensive array of responses mediated by a multidimensional signaling network of hormones, sugars, miRNAs, and other regulators acting at different levels of regulation. The presence of such a network system ensures that plants survive Pi deficiency, which commonly occurs in nature. The organization as well as temporal and spatial coordination of these signaling pathways is intriguing. Over the past few years, breakthroughs were made toward the understanding of local sensing in response to external Pi concentrations and systemic signaling, which provides communication between shoots and roots. Future efforts should be focused on examining the interactions between components of signaling pathways and on searching for a novel signaling machinery. Moreover, the development of systems to monitor signals as well as the input and outcome of the signaling pathways is desirable. A major challenge is to understand how different signaling pathways are integrated to give diverse and dynamic responses. With the progress of advanced technologies, a more comprehensive picture of the Pi signaling network can be built. Ultimately, this knowledge will benefit future crop breeding aimed at improving the ability of plants to acquire and utilize P.
SUMMARY POINTS
1. Plants employ a multifaceted signaling system comprising local and systemic machineries to elicit coordinated responses to changes of external Pi.
2. The fact that Phi, a Pi analog, interferes with Pi signaling indicates that Pi acts as a signal to report its own availability, both locally and systemically.
3. Arrest of primary root growth under Pi deprivation, sensed locally at the root tip, is mediated by the activities of PDR2 and LPR1/LPR2.
4. miR399 functions as a systemic signal moving from shoots to roots where it activates Pi uptake and translocation via suppression of PHO2 expression.
5. Increased levels of sugars in Pi-depleted leaves may serve as a systemic signal to enhance PSR in roots.
6. Accumulated data suggest that several hormones participate in Pi signaling pathways. Cytokinin represses the expression of PSI genes, whereas auxin sensitivity promotes lateral root development.
7. PHR1 and PHL1 are central transcription factors involved in Pi signaling. They regulate a number of PSI genes through the binding to the cis-element P1BS.
8. SPX domain-containing proteins, Ca 2+ , IP, and ROS, are potential regulators involved in the Pi signaling network.
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